In the present study, we first examined the expression sues, Northern blot analysis was performed with poly-A ϩ -RNA extracted from various tissues. Consistent with of Jnk isoforms and assayed Jnk protein kinase activity during development. To test the necessity of Jnk signalthe immunocytochemistry data, Northern blot analysis indicated that the Jnk1 and Jnk2 genes were transcribed ing for proper brain development, we generated compound mutants of Jnk1/Jnk2, Jnk1/Jnk3, and Jnk2/Jnk3 in many tissues, including heart, brain, lung, liver, and skeletal muscle, whereas the Jnk3 gene was mainly tranknockouts. Among the three strains of compound mutants, only Jnk1 and Jnk2 dual deficiency caused the scribed in the brain and to a lesser degree in the heart and testis ( Figure 1C ). These results therefore revealed severe dysregulation of apoptosis during brain development and resulted in embryonic lethality. These results an early and distinct expression pattern of the Jnk family of protein kinases. indicate that the Jnk1 and Jnk2 protein kinases play a redundant but critical role in the regulation of regional specific apoptosis during early brain development.
A High Level of Jnk Protein Kinase Activity Exists in the Embryonic Nervous System
The early expression of Jnk protein kinase transcripts Results in E7 to E11 mouse embryos raised the possibility that Jnk may be involved in morphogenesis, similar to its The Jnk Family Shows Different Timing and Patterns of Expression homologous signaling pathway in Drosophila (Noselli, 1998; Ip and Davis, 1998). To further test this possibility, The Jnk family of MAP kinases consists of the three related genes Jnk1, Jnk2, and Jnk3 (Ip and Davis, 1998).
we first employed in situ hybridization using Jnk-specific riboprobes to examine the distribution of Jnk1, Jnk2, To examine the expression of the Jnk family during development, we performed Northern blot analysis of tranand Jnk3 in E10.5 embryos. The in situ hybridization revealed expression of Jnk1, Jnk2, and Jnk3 protein scripts derived from all three Jnk genes throughout development. The expression of Jnk1 and Jnk2 started kinase transcripts in the developing nervous system (Figures 2A-2C ). In addition, since Jnk phosphorylates early at embryonic day (E) 7, and transcripts of Jnk3 were detected at E11. All three Jnk genes were thereafter serine residues 63 and 73 of c-Jun, we used immunofluorescence staining of Ser-73-phosphorylated c-Jun as continuously expressed at later stages of development ( Figure 1A ). Immunocytochemistry examination of E14.5 an in situ indicator of the biological activity of Jnk protein kinases in vivo (Yang et al., 1997; Herdegen et al., 1998). embryos revealed that Jnk1 and Jnk2 were widely expressed in many different tissues, whereas Jnk3 was Interestingly, a significantly higher level of Ser-73-phosphorylated c-Jun was found in the E10.5 nervous sysmainly present in the nervous system ( Figure 1B) . To examine the distribution of the Jnk family in adult tistem, including forebrain ( Figure 2D ) and hindbrain (data not shown) compared with nonneural tissues. Similarly, Jnk2 genes caused embryonic lethality. Further genotypic screening of fetuses of different ages revealed that the whole-mount immunocytochemistry approach also revealed a particularly intense level of Ser-73-phosphorthe Jnk1/Jnk2 null mutants die between the eleventh and twelfth days of gestation (Table 1A and 1B) . ylated c-Jun within the neural tube and in cells derived from the neural crest in E10.5 and E11.5 embryos (Fig (Figures 3D and 3E) . Importantly, the hindbrain exencephaly was reproducibly found in the Jnk1 and Jnk2 mice established that the absence of both Jnk1 and At the E9 stage, the developing forebrain and hind- Jnk2 dual deficient embryos, however, was the reduc- CM1-positive cells were observed within specific remutant embryos ( Figure 5F ). These results suggest that the absence of both Jnk1 and Jnk2 cause widespread gions, such as the rostral neuropore, that had a high concentration of pyknotic nuclei ( Figure 5C ). Except for caspase activation, leading to increased apoptosis in the embryonic forebrain. these regions, only a few CM1-positive cells were sporadically distributed in the neuroepithelial wall. In conTo examine E11.5 tissues, we prepared semithin sections in plastic, as the histology of Jnk1/Jnk2 null mutant trast, widespread activation of caspase-3 was detected within the forebrain neuroepithelial wall of Jnk1/Jnk2 forebrains was poorly preserved in either paraffin or frozen sections. As previously described (Kallen, 1955), clusters of pyknotic nuclei were observed exclusively at specific locations in E11.5 wild-type embryos, including the optic invaginations and the rostral neuropore (Figures 5G-5I ). In contrast, widespread pyknosis and decomposition of the forebrain were found in E11.5 Jnk1/ Jnk2 null mutant embryos (Figures 5J and 5K) . Importantly, the increased pyknosis was not found in either the fetal body or in the hindbrain of E11.5 Jnk1/Jnk2 mutant embryos ( Figure 5L) . Therefore, the massive cell death and disintegration within the mutant forebrain are apparently direct consequences of the increased apoptosis within the neuroepithelium that occurs earlier at E10.5 ( Figures 5E and 5F ).
Discussion
The 
